Agrobacterium tumefaciens is a gram-negative phytopathogen that infects a wide range of dicotyledonous plants (5, 23, 30, 58) . Infection occurs at plant wound sites and involves the transfer of oncogenic DNA (T-DNA) from the bacterium to the plant cell nucleus. The T-DNA and the genes required for T-DNA transfer (vir genes) are located on a large plasmid called the Ti (tumor-inducing) plasmid. The vir genes are coordinately induced in response to three environmental signals: phenolic compounds secreted from plant wounds (51, 52) , monosaccharides (8, 49) , and acidic pH (52, 58) . Induction of the vir genes requires two plasmid-encoded proteins, VirA and VirG (53) . These proteins are members of the bacterial two-component regulatory system family (11, 44, 58) . VirA is a membrane-bound histidine protein kinase (10, 33, 62) , and VirG is a cytoplasmically located transcriptional activator (60) .
In addition, several chromosomal loci participate in vir gene regulation. chvE encodes a periplasmically located sugarbinding protein that interacts with VirA and stimulates vir expression in the presence of specific monosaccharides (8, 49) . The ros gene product negatively regulates the virC and virD genes but not other vir genes (14) . A mutation in miaA, which encodes a tRNA:isopentenyltransferase, decreases vir gene induction 5-to 10-fold (25) . chvD encodes a periplasmic ATPase possibly involved in membrane transport (61) . Disruption of this gene attenuated virG induction by acidic pH and phosphate starvation, although these effects could be indirect (61) . Metts et al. isolated three chromosomal loci that are necessary for virulence and vir gene expression (40) . Insertions in any one of these loci disrupt the cellular lipopolysaccharide composition (40) . The present study suggests that at least one additional chromosomal locus may be involved in vir gene regulation and virulence.
Expression of the virG gene is more complex than that of other vir genes, and at least two chromosomal regulatory * Corresponding author. systems regulate virG (59) . virG is expressed at two tandem promoters and is responsive to three environmental stimuli: plant-released phenolics (in a VirA-VirG-dependent manner), phosphate starvation (59, 61) , and acidic culture media (37, 54, 55) . The upstream promoter (P1) is necessary for induction by phenolic compounds (53, 59 ) and phosphate starvation (59) , whereas the downstream promoter (P2) is induced by acidic media (37, 59) . Induction of P1 by phosphate starvation or P2 by acidic media does not require VirA-VirG or any other Ti plasmid-encoded genes, suggesting that the regulatory systems are encoded on the chromosome. The sequence of promoter P1 is similar to those of the so-called pho boxes found in the -42 to -22 region of Escherichia coli promoters which are induced by phosphate starvation (3, 56, 59) . These promoters are coordinately regulated in E. coli by a two-component regulatory system consisting of PhoR (histidine kinase) and PhoB (response regulator).
We hypothesized that A. tumefaciens has a phosphate regulatory protein similar to PhoB and that it may regulate virG. In this paper, we identified, from an A. tumefaciens cosmid library, a chromosomal gene called chvI (chromosomal virulence) that complemented an E. coli phoB mutation. chvI was found to encode a putative protein with amino acid similarity to the family of response regulatory proteins, including PhoB from E. coli and PhoB homologs from other bacteria. How Table 1 . The construction of the plasmids used in this study is described in the text, except for that of plasmid pNM157, which was constructed by cloning the 4.5-kb HindIll fragment from pNM139 into the vector pSW213 (13) .
Transformations and bacterial matings. Plasmids were introduced into E. coli by transformation (46) and into A. tumefaciens strains by electroporation (9) . NM103 and NM104 were prepared and electroporated as previously described (9) , except that AB medium was used in place of LB and carbenicillin, when used, was added to a final concentration of 2 ,ug/ml. The A. tumefaciens NT-1 cosmid library was mobilized into JM105 phoB::Tn5 by triparental mating (17) , and transconjugants were spread on AB medium (25 centrifugation at 8,000 x g for 10 min, suspended in 1 ml of AB minimal medium, and then diluted into 10 ml of prewarmed AB minimal medium or LB medium (in 125-byt 37°C. The remaining 25 -mm culture tubes) to an OD600 of 0.1 and returned to the ieasure OD600 13-Ga- '59) . Plasmid pSW174, a final concentration of 100 ,uM (59) . Samples were removed as used to transform from cultures and assayed for 1-galactosidase (41).
Tumorigenesis assays. The chvI mutant was inoculated on DNA sequencing. The K diagremontiana leaves as described by Garfinkel and Nester NM204 was cloned in (21) . As controls, all test plants were independently inoculated III site of pTZ18R to with the wild-type parent strain (A348) and the plasmid-cured mids containing delederivative strain A136. A. tumefaciens cultures (3 ml) were JMlO5phoB::Tn5, and grown in AB medium to late-log phase; 1 ml was serially ctivity on AB-HEPES diluted, and dilutions were plated on AB plates to determine All DNA sequencing the number of CFU per ml, and 1 ml was centrifuged, and the igle-stranded template cell pellet was applied onto the youngest full-size leaves on a by the manufacturer 10-cm stem of K diagremontiana, which had been scraped with primers were synthea wooden dowel rod to create a wound about 30 mm in length.
tcility, except for the Two independent chvI mutant cultures, and the control strains, bm U.S. Biochemicals.
were inoculated in duplicate at 109, 108, or 107 CFU. Infected red.
plants were stored in plastic containers out of direct light and 2.1-kb SphI-HindIII in high humidity for 48 h, and then they were maintained in a hvl was cloned into growth chamber with 50% humidity at 23°C under metal halide ndIII sites to create lights as described elsewhere (10) . Photographs were taken 5 ;sette KINN, which is weeks postinoculation. It on plasmid pVJS303
Plant sensitivity assays. A. tumefaciens strains were grown as cloned into chvI at to mid-logarithmic phase in AB minimal medium and frozen as pNM155. The ApaIdescribed above. Strains were thawed and then serially diluted ins the disrupted chvI in sterile water; 0.1-ml volumes of these mixtures (ca. 106 pKNG101 (31) at the CFU/ml) were added to 2.5 ml of AB top agar (AB medium IM156 and was maincontaining 0.7% agar) and overlaid on AB plates. The younghe vector pKNG101 est full-size leaves of K diagremontiana were removed at the ubtilis, which encodes leaf node and sectioned into 2-to 5-mm-thick slices with a 'ansucrase in A. tumerazor blade and placed on the top agar. The plates were rose is lethal (22 (Fig. 1) . pNM139 complemented JM105 phoB::TnS (Fig. 1) . This plasmid was used as a probe in a Southern hybridization and was shown to hybridize to A. tumefaciens chromosomal DNA (data not shown).
To localize the gene within pNM139 that complemented phoB, deletions within the 4.5-kb Hindlll insert were constructed by digestion with endonucleases that cut within the multiple cloning site of pTZ18R and within the insert DNA (Fig. 1) . These constructs were then introduced by transformation into JM105 phoB::Tn5 and screened for AP activity. The resulting plasmids displayed full, partial, or no complementation ability (Fig. 1) .
Complementation of a phoB point mutation. The TnS insertion within phoB is polar on phoR and thus complicated analysis of the complementation data. The plasmid pNM142, which contained one of the smallest fragments sufficient to complement the phoB::TnS mutation, was tested for the ability to complement a phoB point mutation in a wild-type phoR background. The plasmid pNM142 (chvI) (Fig. 1) , pBC6APstI (which contains the E. coli phoBR operon in pUC19) (57), or pTZ18R (the vector control) was introduced by transformation into BW7656, which contains the phoB23 point mutation (57) .
These strains were grown in AB medium with an initial concentration of 10 (39) . The putative receiver and DNA binding domains of ChvI (44) were separated by 10 to 12 more amino acids than most homologs, including PhoB of E. coli (Fig. 3) mycin, has a conditional origin of replication, and has the sacB gene which mediates sucrose sensitivity to A. tumefaciens (31) . Plasmid pNM156 was mobilized into A. tumefaciens strains by conjugation (50) , and transconjugants were plated on LBkanamycin-streptomycin plates. Colonies that arose had plasmid pNM156 integrated in the chromosome at the chvI locus by a single homologous recombination event (Fig. 4) . To select for strains which had undergone a double-recombination event in which the mutated allele replaced the wild-type allele, these Kmr Smr colonies were pooled and plated on AB-sucrose (5%)-kanamycin plates. Approximately 40% of the Kmr Sucr colonies were sensitive to streptomycin, suggesting that they had lost the plasmid DNA and undergone marker replacement. Chromosomal DNA from 11 of these strains was isolated and analyzed by Southern blot hybridization with pNM144 as a probe (Fig. 4 ). All 11 strains had a Sall restriction pattern that agreed with the pattern expected if the disrupted chvI allele had replaced the wild-type allele (Fig. 4) . This mutation was constructed in isogenic strains of A. tumefaciens containing the Ti plasmid or lacking the Ti plasmid, thus creating NM104 or NM103, respectively. PhoB or not PhoB? Phosphate regulatory gene mutations in E. coli, P. aeruginosa, and B. subtilis abolish phosphate starvation-inducible phosphatase activity. A. tumefaciens has a phosphate starvation-inducible phosphatase activity (Table 3) . To determine the effect of the chvI mutation on A. tumefaciens phosphatase activity, NM104 was cultured in AB media with high (10 mM) or low (0.1 mM) phosphate concentration and assayed for phosphatase activity (Table 3) . NM104 showed phosphate-limiting phosphatase expression and had activity levels similar to those of the wild type. Furthermore, NM104 grew as well as the wild type in phosphate-limiting media (10 mM to 0.01 mM) (data not shown). Thus, the chvI mutation did not produce the phenotype expected for a mutation in a phosphate regulatory gene. To test the effect of this mutation on phosphate starvation-inducible virG expression, the plasmid pSW174, which contains a virG::lacZ fusion, was transformed into NM104. NM104(pSW174) and A348(pSW174) were grown in media with high or low phosphate concentration and assayed for 3-galactosidase activity. The mutant and the wild type had identical levels of ,B-galactosidase activity when grown in phosphate-limiting media ( (Fig. 5) . However, NM104 stopped growing in LB broth within 1 generation. The ability of NM104 to grow in LB was restored when chvI was supplied in trans on the plasmid pNM157 (Fig.  5) . NM104 did not grow in LB containing excess phosphate (100 mM) or in AB containing LB (10% vol/vol). The individual components of LB were added to AB, and these media were inoculated with NM104. The mutant did not grow in AB plus tryptone (1% wt/vol) or in AB plus peptone (1% wt/vol), it grew poorly in AB plus Casamino Acids (1% wt/vol), and it grew well in AB plus yeast extract (0.5% wt/vol). To determine whether amino acids inhibited growth of NM104, AB minimal medium was supplemented with each individual amino acid (15) growth curves of NM104 and A348 grown in AB media at pH 7.0, 6.0, 5.5, or 5.0 were determined. A348 grew well in all media, although the rate of cell doubling decreased as the pH of the medium decreased (Fig. 6B) . NM104 grew poorly at pH 5.5 and was unable to grow at pH 5.0 (Fig. 6A) . We also observed that NM104 was hypersensitive to the antibiotics tetracycline and carbenicillin (data not shown).
Tumorigenesis assays and vir gene induction in NM104. To determine whether chvI was required for tumorigenesis, K diagremontiana leaves were inoculated with NM104, as described in Materials and Methods. NM104 did not cause tumors on K diagremontiana (Fig. 7B) . Avirulence may be due to the inability to induce the vir genes, the inability to survive the plant wound environment, or a combination of both. To test vir gene induction, NM104 was transformed with pSW174, a broad-host-range plasmid containing a virG::lacZ fusion, or pSW219, a broad-host-range plasmid with a virB::lacZ fusion.
These strains were grown in AB medium, supplemented with AS and buffered at pH 7.0, 6.0, or 5.5, and assayed for ,-galactosidase activity. There was no increase in 3-galactosidase activity in NM104(pSW174) grown under these conditions (Fig. 8A) , whereas 3-galactosidase activity increased more than 100-fold in A348(pSW174) grown at pH 5.5 with (pSW219) grown at pH 5.5 with 100 F.M AS, optimal inducing conditions, was less than 10% of the wild-type activity (Fig.  8B) .
As described in the introduction, virG is transcribed from two promoters, P1 and P2. The P2 promoter is induced by acidic culture media, independent of VirA-VirG (37, 59). A. tumefaciens strains were grown overnight in AB medium, and a 1-ml volume of each culture (ca. 10 CFU/ml) was used to inoculate wounded K diagremontiana leaves as described in Materials and Methods. Panels are as follows: A, A348 (wild type); B, NM104 (chvI mutant); and C, A136 (lacking the Ti plasmid). Leaves were photographed 5 weeks postinoculation.
1-Galactosidase activity was measured in strain NM 104 (pSW174) or A348(pSW174) grown in AB media buffered at pH 7.0, 6.0, or 5.5. A 7-to 10-fold induction of 3-galactosidase activity was observed in A348(pSW174) grown at pH 5.5 compared with the activity at pH 7.0, which agrees with previous results (37) . No increase in 3-galactosidase activity was observed in NMI04(pSW174) grown in acidic culture media (Fig. 8C) .
We were concerned that the lack of vir gene expression in a chvI mutant background was due simply to the poor growth of this strain in acidic culture media (Fig. 6 ). Plasmid pCC101 contains the E. coli lacZ gene fused to the lac promoter, which is expressed strongly and constitutively in A. tumefaciens (13) . This plasmid was introduced by transformation into NM103, and 3-galactosidase activity was measured from cells grown in media buffered at pH 7.0 or pH 5.5. A136(pCCIO1) had identical levels of 3-galactosidase activity when grown at pH 7.0 and at pH 5.5. 3-Galactosidase activity from NM103(pCC101) grown at pH 5.5 was 80% of the activity from cells grown at pH 7.0.
The virG P2 promoter is induced by acidic culture media and is thought to function in increasing intracellular concentrations of VirG to allow efficient vir gene induction (59) . Since P2 expression was abolished in NM 104 (Fig. 8C) , we hypothesized that this may result in a low intracellular level of VirG, which could in turn attenuate vir gene induction. To test this, we constructed a strain in which virG was constitutively expressed from the lac promoter. NM103 was transformed with the plasmid pCH116, which contains a Plac::virG fusion and a virB::lacZ fusion (10), and with plasmid pCH114, which contains virA (10) . NM103(pCH114)(pCH116) and A136 (pCH114)(pCH116) were grown in induction media buffered at pH 7.0, 6.0, or 5.5 and assayed for 3-galactosidase activity. There was no detectable increase in 3-galactosidase activity in NM103(pCH114)(pCH116) under these conditions (data not shown). Therefore, expression of virG from the lac promoter did not rescue vir gene expression.
Sensitivity of chvI mutants to plant wound sap. Avirulence of chvI mutants may be due, in part, to the inability to survive in the wound environment, which is usually acidic and contains a number of antimicrobial activities, including low-molecularweight compounds called phytoalexins (32) . We developed a simple assay to determine whether the plant secreted compounds that could inhibit growth of NM104. K diagremontiana leaf sections were placed on AB plates that were overlaid with a 0.7% top agar containing A. tumefaciens NM104 (chvI) or A348 (wild type). A zone of growth inhibition (ca. 30 mm in diameter) was observed around the plant slice on plates overlaid with NM104 (Fig. 9) , while no such zone was found on plates overlaid with A348 (Fig. 9) . The pH of the medium surrounding the plant slice did not change, as determined by the addition of the pH indicator dye bromocresol blue (data not shown). This was expected, since AB medium is buffered with 25 mM phosphate. Using the same assay method, we tested other A. tumefaciens chromosomal mutations that affect virulence, including chvA, chvB, and chvE, and two exopolysaccharide mutants, exoA and exoC. These mutants all had the same phenotype as the wild type, except for exoC, which actually showed enhanced growth around the plant slice (data not shown). We hypothesized that the chvI mutant may be sensitive to phytoalexins. Three purified phytoalexins, glyceollin and gossypol from Phaseolus vulgaris and 6-methoxymellien from carrot roots, were spotted on plates overlaid with top agar containing A348 or NM104. These phytoalexins did not inhibit growth of A348 or NM104 (data not shown).
DISCUSSION
A. tumefaciens must be metabolically active to efficiently infect plant hosts (21, 34) (Fig. 7) . chvI was isolated from an A. tumefaciens cosmid library as a clone that complemented an E. coli phoB mutation ( Fig. 1 and Table 2 ), although chvI was not required for phosphatase regulation in A. tumefaciens (Table 3) . chvI was, however, required for growth in complex (Fig. 5 ) or acidic media (Fig. 6) (Fig. 8D) . In a separate study, a gene called chvG was identified immediately downstream of chvI, and it encodes a protein with amino acid similarity to the family of bacterial histidine kinases (12) . Thus, it is likely that ChvG and ChvI constitute a two-component regulatory system, the first chromosomal two-component system identified in A.
tumefaciens, which is directly (e.g., in a regulatory hierarchy) or indirectly (e.g., by metabolic regulation) required for vir gene expression and virulence.
To complement a phoB mutation, ChvI must receive a signal in response to phosphate starvation, recognize phosphateregulated promoters, and activate transcription of these promoters (56) . ChvI is probably activated by phosphorylation, as are the other members of this protein family, such as VirG and PhoB (29, 35) . ChvI contains an aspartyl residue that is conserved within response regulators, which in some cases has been shown to be the site of phosphorylation (44) . In E. coli, PhoR mediates PhoB phosphorylation and dephosphorylation, and we expect that it mediates ChvI in a similar way. ChvI probably activated AP activity (Table 2 ) by activating transcription of phoA. However, we have no evidence that ChvI recognizes the same DNA sequence as PhoB or that ChvI activated other PhoB-dependent promoters. Despite the similarity of the virG PI promoter to the consensus pho box sequence (59) and evidence that the P1 promoter of virG from Agrobacterium rhizogenes is transcribed in E. coli in a PhoBdependent manner (3), a virG::lacZ fusion was not phosphate regulated in an E. coli host containing chvI (38) .
Evidence suggests that chvI is not the primary phosphate regulatory gene in A. tumefaciens. First, the amino acid identity (35%) between ChvI and PhoB of E. coli (Fig. 3) was much lower than the identity between PhoB of E. coli and other PhoB-like proteins, including PhoB of P. aeruginosa (59%) (2) , PhoB of Rhizobium meliloti (47%) (39) , or PhoP of B. subtilis (40%) (48) . Second, and more importantly, the phenotype of the chvI mutant did not resemble the phenotype expected for a strain with a mutation in a phosphate regulatory gene (Table  3 ). In other bacteria in which PhoB homologs have been identified, phoB mutations abolish phosphate starvation-inducible phosphatase activity (1, 2, 39, 48, 56). We do not exclude the possibilities that chvI may be involved in some aspect of phosphate regulation in A. tumefaciens and that we have not detected its role by measuring only phosphatase activity. Moreover, A. tumefaciens phosphate regulation may be more complex than initially expected. It was previously suggested that A. tumefaciens may have multiple phosphatases which may be differentially regulated (9) .
The chvI insertion mutation was pleiotropic. We note that this pleiotropy may be due to a polar effect on genes downstream of chvI (Fig. 4) . However, any gene affected by this polarity must be located within the 4.5-kb HindlIl fragment that includes chvI (Fig. 1) , because this fragment was sufficient to complement the chvI mutation, at least for growth in complex media (Fig. 5) . chvG mutants have a phenotype identical to that of the chvI mutant (12) . The inability of NM 104 to grow in complex media explains why we were unable to obtain chvI mutations on LB (see Results). Our data indicated that peptone and tryptone media were toxic to NM104 rather than being limiting for an essential nutrient (e.g., phosphate), because addition of these compounds to minimal media arrested growth (Fig. 5) . Addition of yeast extract to minimal media did not affect growth of NM104 (data not shown), although on the basis of analyses done by Difco Laboratories, yeast extract has a chemical composition similar to that of peptone and tryptone. It is interesting that the ArcA response regulator in E. coli is a pleiotropic regulatory protein required for expression of F plasmid tra genes, some of which are homologous to vir genes (28, 58) .
Acidic pH-sensitive mutants have been identified in two gram-negative species, R. meliloti and Salmonella typhimurium (20, 24) . In R. meliloti, four classes of Tn5 mutants that are unable to grow or maintain a neutral intracellular pH at an external pH of 5.6 were isolated (24) . These mutants were not tested for the ability to form nodules on plant hosts. In S. typhimurium, two loci, unc and phoP, which, when mutated, cause an acid-sensitive phenotype have been identified. The unc operon encodes the ATPase (F0F1) involved in H+ translocation and possibly pH homeostasis (20) . phoP encodes a response regulatory protein homologous to PhoB and is required for virulence and resistance to host macrophageproduced cationic peptides, called defensins (19, 26, 42) . In addition to possessing the acid-sensitive phenotype, the chvI mutant was also found to be hypersensitive to carbenicillin and detergents like sodium dodecyl sulfate (12a). One possible explanation for this phenotype is that the mutant may be more permeable to certain compounds than the wild type. In neutrophilic bacteria, like A. tumefaciens, the regulation of cytoplasmic pH, and thus resistance to high concentrations of extracellular protons, is dependent on the intrinsic impermeability of the lipid bilayer (6) .
Acidic culture medium influences A. tumefaciens vir gene expression through at least two independent regulatory pathways, and both of these pathways were impaired in a chvl null background (Fig. 8) . The first pathway involves vir gene induction, which occurs optimally when A. tumefaciens is cultured in media between pH 5.5 and pH 5.0 and does not occur at neutral pH. The second pathway involves the P2 promoter of virG, which is transcriptionally induced by acidic pH by a chromosomal regulatory system, independent of VirA-VirG (37, 59) . Attenuated vir gene expression in the chvI mutant was not due entirely to the poor growth of that strain in acidic culture media because (i) NM103 containing a plasmid with a plac::lacZ fusion grown at pH 5.5 had 80% of the 3-galactosidase activity of the wild type grown under the same conditions (Fig. 8D ) and (ii) in suboptimal inducing conditions (e.g., pH 6.0) under which NM104 grew reasonably well (Fig. 6) , there was still significant reduction of vir expression ( Fig. 8A and B) . The pH requirement for vir gene induction is thought to occur in a step of the signal transduction pathway prior to VirG phosphorylation, since VirG mutants that bypass this pH requirement were isolated (27) . The P2 promoter is thought to be necessary to maintain the intracellular pool of VirG required for efficient vir gene induction. In the chvl mutant, constitutive expression of virG from the lac promoter was not sufficient to restore virB induction, indicating that the lack of vir gene expression was not due to limiting VirG concentrations (data not shown).
Using a simple bioassay, we found that the chvI mutant was unable to grow in the vicinity of a K diagremontiana leaf slice (Fig. 9) , suggesting that something secreted from the plant slice was toxic for growth of the chvl mutant. Plants have a number of wound-inducible and pathogen-inducible defense responses (32) , which include the production of low-molecular-weight diffusible compounds with antimicrobial activity called phytoalexins. We tested several purified phytoalexins for the ability to inhibit the growth of a chvI mutant; none had antibacterial activity (38) . We have not tested phytoalexins from K diagremontiana, nor have we tested other plants, for the ability to inhibit growth of NM104. It is tempting to speculate that K diagremontiana may secrete one or more metabolites toxic to A. tumefaciens and that chvI is required for resistance to these compounds. An elucidation of the environmental signals that activate ChvG-ChvI, and the identification of ChvI target genes, may shed light on the role these proteins play in the regulation of A. tumefaciens virulence.
